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1. INTRODUCTION
In spite of its enormous phenomenological suc-
cess, the Standard Model (SM) leaves too many
unanswered questions to be considered as a com-
plete description of the fundamental forces. We
do not understand yet why fermions are repli-
cated in three (and only three) nearly identical
copies? Why the pattern of masses and mixings
is what it is? Are the masses the only difference
among the three families? What is the origin of
the SM flavour structure? Which dynamics is re-
sponsible for the observed CP violation?
The fermionic flavour is the main source of
arbitrary free parameters in the SM: 9 fermion
masses, 3 mixing angles and 1 complex phase
(assuming the neutrinos to be massless). The
problem of fermion–mass generation is deeply re-
lated with the mechanism responsible for the elec-
troweak spontaneous symmetry breaking. Thus,
the origin of these parameters lies in the most
obscure part of the SM Lagrangian: the scalar
sector. Clearly, the dynamics of flavour appears
to be “terra incognita” which deserves a careful
investigation.
The flavour structure looks richer in the quark
sector, where mixing phenomena among the dif-
ferent families occurs (leptons would also mix if
neutrino masses were non-vanishing). A precise
measurement of the quark mixings would allow
to test their predicted unitarity structure, and
could give some hints about the unknown under-
lying dynamics. Since quarks are confined within
hadrons, an accurate determination of their mix-
∗Invited talk at the XVI International Workshop on Weak
Interactions and Neutrinos (WIN’97), Capri, June 1997
ing parameters requires first a good understand-
ing of hadronization effects in flavour–changing
transitions. The interplay of strong interactions
in weak decays plays a crucial role, which, un-
fortunately, is difficult to control due to the non-
perturbative character of QCD at long distances.
In the SM flavour–changing transitions occur
only in the charged–current sector:
LCC = g
2
√
2
{
W †µ J
µ
W + h.c.
}
, (1)
JµW =
∑
ij
u¯iγ
µ(1− γ5)Vijdj +
∑
l
ν¯lγ
µ(1 − γ5)l .
The so-called Cabibbo–Kobayashi–Maskawa [1,2]
(CKM) matrix V couples any up–type quark with
all down–type quarks. It originates from the same
(unknown) Yukawa couplings giving rise to the
quark masses.
For NG fermion generations, the quark–mixing
matrix contains (NG − 1)2 physical parameters:
NG(NG − 1)/2 moduli and (NG − 1)(NG − 2)/2
phases. In the simpler case of two generations,
V is determined by a single parameter, the so-
called Cabibbo angle [1]. With NG = 3, the CKM
matrix is described by 3 angles and 1 phase [2].
This CKM phase is the only complex phase in
the SM Lagrangian; thus, it is a unique source
of CP violation. In fact, it was for this reason
that the third generation was assumed to exist
[2], before the discovery of the τ and the b . With
two generations, the SM could not explain the
observed CP violation in the K system.
2W
e
µ
−
ν
ν
e−
µ−
Figure 1. µ–decay diagram.
2. LEPTONIC DECAYS
The simplest flavour–changing process is the
leptonic decay of the muon, which proceeds
through the W–exchange diagram shown in
Fig. 1. The momentum transfer carried by the
intermediate W is very small compared to MW .
Therefore, the vector–boson propagator reduces
to a contact interaction. The decay can then
be described through an effective local 4–fermion
Hamiltonian,
Heff = GF√
2
[e¯γα(1− γ5)νe] [ν¯µγα(1− γ5)µ] , (2)
where GF /
√
2 = g2/(8M2W ) is called the Fermi
coupling constant. GF is fixed by the total µ–
decay width,
Γ(µ− → e−ν¯eνµ) =
G2Fm
5
µ
192π3
f
(
m2e/m
2
µ
)
rEW , (3)
where f(x) = 1 − 8x + 8x3 − x4 − 12x2 lnx,
and rEW = 0.9958 takes into account the lead-
ing higher–order corrections [3]. The measured µ
lifetime [4], implies the value GF = (1.16639 ±
0.00002)× 10−5 GeV−2
2.1. Lepton Universality
The decays of the τ lepton proceed through the
same W–exchange mechanism as the leptonic µ
decay. The only difference is that several final
states are kinematically allowed: τ− → ντe−ν¯e,
τ− → ντµ−ν¯µ, τ− → ντdu¯ and τ− → ντsu¯. Ow-
ing to the universality of the W couplings, all
these decay modes have equal probabilities (if fi-
nal fermion masses and QCD interactions are ne-
glected), except for an additional NC |Vui|2 fac-
tor (i = d, s) in the semileptonic channels, where
NC = 3 is the number of quark colours.
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Figure 2. Be / ττ correlation [5]. The dotted
band is the SM prediction in Eq. (4).
Using the value of GF measured in µ decay,
Eq. (3) (with trivial kinematical changes) pro-
vides a relation [5] between the τ lifetime and the
leptonic branching ratios Bl ≡ B(τ− → ντ l−ν¯l):
Be =
Bµ
0.972564± 0.000010
=
ττ
(1.6321± 0.0014)× 10−12 s . (4)
The predicted Bµ/Be ratio is in perfect agree-
ment with the measured value Bµ/Be = 0.974±
0.006. As shown in Fig. 2, the relation between
Be and ττ is also well satisfied by the present
data. These measurements test the universal-
ity of the W couplings to the leptonic charged
currents. The Bµ/Be ratio constraints |gµ/ge|,
while Be/ττ provide information on |gτ/gµ|. The
present results [5] are shown in Tables 1 and 2,
together with the values obtained from the ra-
tios Rπ→e/µ ≡ Γ(π− → e−ν¯e)/Γ(π− → µ−ν¯µ)
and Rτ/P ≡ Γ(τ− → ντP−)/Γ(P− → µ−ν¯µ)
[P = π,K], and from the comparison of the σ ·B
partial production cross-sections for the various
W− → l−ν¯l decay modes at the p-p¯ colliders.
2.2. Lorentz structure
Let us consider the leptonic decay l− →
νll
′−ν¯l′ . The most general, local, derivative–free,
lepton–number conserving, four–lepton interac-
tion Hamiltonian, consistent with locality and
3Table 1
Present constraints [5] on |gµ/ge|.
|gµ/ge|
Bµ/Be 1.0005± 0.0030
Rπ→e/µ 1.0017± 0.0015
σ · BW→µ/e 1.01± 0.04
Table 2
Present constraints [5] on |gτ/gµ|.
|gτ/gµ|
Beτµ/ττ 1.0001± 0.0029
Rτ/π 1.005± 0.005
Rτ/K 0.984± 0.020
Rτ/h 1.004± 0.005
σ · BW→τ/µ 0.99± 0.05
Lorentz invariance,
H = 4Gl′l√
2
∑
n,ǫ,ω
gnǫω
[
l′ǫΓ
n(νl′ )σ
] [
(νl)λΓnlω
]
, (5)
contains ten complex coupling constants or, since
a common phase is arbitrary, nineteen indepen-
dent real parameters which could be different for
each leptonic decay. The subindices ǫ, ω, σ, λ label
the chiralities (left–handed, right–handed) of the
corresponding fermions, and n the type of inter-
action: scalar (I), vector (γµ), tensor (σµν/
√
2).
For given n, ǫ, ω, the neutrino chiralities σ and λ
are uniquely determined.
Taking out a common factor Gl′l, which is de-
termined by the total decay rate, the coupling
constants gnǫω are normalized to [6]
1 =
∑
n,ǫ,ω
|gnǫω/Nn|2 , (6)
where Nn = 2, 1, 1/
√
3 for n = S, V, T. In the
SM, gVLL = 1 and all other g
n
ǫω = 0.
The couplings gnǫω can be investigated through
the measurement of the final charged–lepton dis-
tribution and with the inverse decay νl′ l → l′νl.
For µ decay, where precise measurements of the
polarizations of both µ and e have been per-
formed, there exist [4] stringent upper bounds
on the couplings involving right–handed helici-
ties. These limits show nicely that the bulk of
the µ–decay transition amplitude is indeed of the
predicted V−A type: gVLL > 0.96 (90% CL). Im-
proved measurements of the µ–decay parameters
will be performed at PSI and TRIUMPH [7].
The τ–decay experiments are starting to pro-
vide useful information on the decay structure.
Figure 3 shows the most recent limits obtained
by CLEO [8]. The measurement of the τ polar-
ization allows to bound those couplings involving
an initial right–handed lepton; however, informa-
tion on the final charged–lepton polarization is
still lacking. Moreover, the measurement of the
inverse decay ντ l → τνl, needed to separate the
gSLL and g
V
LL couplings, looks far out of reach.
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Figure 3. 90% CL experimental limits [8] for the
normalized τ–decay couplings g′nǫω ≡ gnǫω/Nn, as-
suming e/µ universality.
43. SEMILEPTONIC DECAYS
From now on we will assume that the charged–
current interaction is indeed universal and of the
V−A type, as predicted by the SM.
Let us consider the semileptonic weak decay
H → H ′l−ν¯l, associated with the corresponding
quark transition dj → uil−ν¯l. The decay ampli-
tude
T ≈ GF√
2
Vij MµH′H l¯γµ(1− γ5)νl (7)
involves an hadronic matrix element of the quark
current: MµH′H ≡ 〈H ′|u¯iγµ(1 − γ5)dj |H〉. The
evaluation of this matrix element is a non-
perturbative QCD problem and, therefore, intro-
duces unavoidable theoretical uncertainties.
Usually, one looks for a semileptonic transi-
tion where the matrix element can be fixed at
some kinematical point, by a symmetry principle
This has the virtue of reducing the theoretical
uncertainties to the level of symmetry–breaking
corrections and kinematical extrapolations. The
standard example is a 0− → 0− decay such as
K → πlν, D → Klν or B → Dlν. Only the
vector current can contribute in this case:
MµP ′P ∼ (k + k′)µf+(q2) + (k − k′)µf−(q2) , (8)
where q2 = (k − k′)2 is the momentum transfer
carried by the intermediate W . The unknown
strong dynamics is fully contained in the two form
factors f±(q
2).
Since (k − k′)µ l¯γµ(1 − γ5)νl ∼ ml, the contri-
bution of f−(q
2) is kinematically suppressed in
the e and µ modes. Moreover, there is an ad-
ditional mass suppression of the f−(q
2) term for
light quarks: f−(q
2) ≈ (mui −mdj ). The decay
width can then be written as
Γ ≈ G
2
FM
5
P
192π3
|Vij |2 |f+(0)|2 I (1 + δRC) , (9)
where δRC is an electroweak radiative correc-
tion factor and I denotes a phase–space integral,
which in the ml = 0 limit takes the form
I ≈
∫
dq2
M8P
λ3/2(q2,M2P ,M
2
P ′)
∣∣∣∣f+(q2)f+(0)
∣∣∣∣
2
. (10)
The usual procedure to determine |Vij | involves
three steps [9]:
1. Measure the shape of the q2 distribution.
This fixes the ratio |f+(q2)/f+(0)| and
therefore determines I.
2. Measure the total decay width Γ. Since GF
is already known from µ decay, the product
|f+(0)| |Vij | is determined.
3. Get a theoretical prediction for the normal-
ization f+(0).
The important point to realize is that theoretical
input is always needed. Thus, the accuracy of
the |Vij | determination is limited by our ability
to calculate the relevant hadronic input.
The present (direct) determinations of the
CKM matrix elements are summarized in Ta-
ble 3. For light quarks (u, d, s), the chiral sym-
metry of massless QCD fixes the normalization
of the relevant hadronic form factors at zero mo-
mentum transfer; moreover, symmetry–breaking
corrections can be investigated rigorously with
Chiral Perturbation Theory (χPT) techniques
[10]. Therefore, a rather good accuracy has been
achieved. Note however, that there is a long–
standing discrepancy (∼ 2.5 σ) between the |Vud|
values obtained from nuclear β decay and the neu-
tron lifetime determination.
In the limit of infinite (c, b) quark masses the
QCD Lagrangian has additional flavour and spin
symmetries [11], which allow to fix the normal-
ization of the MµDB and MµD∗B hadronic matrix
elements at the point of zero recoil (maximum
momentum transfer through the W propagator).
This point corresponds to the kinematical config-
uration where the initial and final mesons have
identical velocities. Symmetry–breaking correc-
tions can also be estimated with the methods of
Heavy Quark Effective Theory (HQET) [12]. A
reasonable determination of |Vcb| can then be ob-
tained. Also shown in Table 3 is the determina-
tion of this CKM matrix element from the inclu-
sive measurement of Γ(b → clν¯l); although free
from hadronic form factor uncertainties, this ob-
servable is very sensitive to the not so well–known
values of the bottom and charm quark masses.
The remaining CKM determinations cannot
make use of any useful symmetry to control the
hadronization effects (the relevant quarks are too
5Table 3
Direct Vij determinations.
CKM entry Value Source Symmetry
|Vud| 0.9740± 0.0005 Nuclear β decay [13] Isospin (χPT)
0.979 ± 0.002 n→ pe−ν¯e [4,14] Isospin (χPT)
|Vus| 0.2196± 0.0023 Ke3 [15] SU(3) (χPT)
0.222 ± 0.003 Hyperon decays [4] SU(3) (χPT)
|Vcd| 0.224 ± 0.016 νd→ cX [4] —
|Vcs| 1.01± 0.18 D → K¯e+νe [4] —
|Vub| (3.3± 0.2+0.3−0.4 ± 0.7)× 10−3 B0 → π−l+νl, ρ−l+νl [16] —
|Vub/Vcb| 0.08± 0.02 b→ ul−ν¯l (end-point) [4] —
|Vcb| 0.038± 0.003 B → D∗lν¯l [17–19] Mb →∞ (HQET)
0.040± 0.004 b→ clν¯l (inclusive) [17,18] Mb →∞ (HQET)
|Vtb|√
|Vtd|2+|Vts|2+|Vtb|2
0.99± 0.29 t→ bW/qW [20] —
heavy to consider the mq → 0 limit, and/or too
light for the mq → ∞ approximation to make
sense). Those determinations need to rely on ex-
plicit hadronic models; thus, the achievable preci-
sion is strongly limited by theoretical uncertain-
ties. An obvious exception is the recent constraint
on |Vtb|, obtained at the Tevatron.
3.1. CKM Unitarity
The values of |Vui| (i = d, s, b) provide a test
of the unitarity of the CKM matrix:
|Vud|2 + |Vus|2 + |Vub|2 = 0.9973± 0.0013 . (11)
To get this number, we have used the weighted
average of the two |Vus| determinations and the
nuclear β decay measurement of |Vud|. Given the
disagreement with the neutron lifetime determi-
nation, it looks quite plausible that the small uni-
tarity violation in Eq. (11) originates in the input
|Vud| value.
Assuming unitarity, a more precise picture of
the mixings among the three quark generations is
obtained [4]. The CKM matrix shows a hierar-
chical pattern, with the diagonal elements being
very close to one, the ones connecting the two
first generations having a size
λ ≡ |Vus| = 0.2205± 0.0018 , (12)
the mixing between the second and third fami-
lies being of order λ2, and the mixing between
the first and third quark flavours having a much
smaller size of about λ3. It is then quite practical
to use the approximate parameterization [21]:
V =


1− λ22 λ Aλ3(ρ− iη)
−λ 1− λ22 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

,
valid up to O(λ4) corrections. Here,
A =
|Vcb|
λ2
= 0.80± 0.06 , (13)
√
ρ2 + η2 =
∣∣∣∣ VubλVcb
∣∣∣∣ = 0.36± 0.09 . (14)
4. NON-LEPTONIC TRANSITIONS
The dynamical effect of the strong interaction
is more important in non-leptonic transitions,
where two different quark currents are involved
and gluons can couple everywhere. Using the op-
erator product expansion and renormalization–
group techniques, these transitions can be de-
scribed through effective Hamiltonians of the
6form
Heff =
∑
i
Ci(µ)Qi , (15)
with local four–fermion operators Qi, modulated
byWilson coefficients Ci(µ). The arbitrary renor-
malization scale µ separates the short– (M > µ)
and long– (M < µ) distance contributions, which
are contained in Ci(µ) and 〈Qi〉(µ) respectively.
Thus, Ci(µ) contain all the information on CKM
factors and heavy–mass scales. The physical am-
plitudes are of course independent of µ.
A lot of effort has been invested recently in
the calculation of Wilson coefficients at next-to-
leading order. For the most important processes,
all contributions of O(αnsLn) and O(α(n+1)s Ln)
have been computed, where L = log (M/m) de-
notes the logarithm of any ratio of heavy–mass
scales (M,m ≥ µ). Moreover, the full mt/MW
dependence (at lowest order in αs) has been also
included. A detailed summary of those calcula-
tions (with a complete list of references) can be
found in Ref. [22].
Unfortunately, in order to predict the physical
amplitudes one is still confronted with the calcu-
lation of the hadronic matrix elements 〈Qi〉(µ) of
the four–fermion operators Qi. This is a very dif-
ficult non-perturbative problem which so far re-
mains unsolved. We have only been able to obtain
rough estimates using different approximations
(vacuum saturation, NC → ∞ limit, QCD low–
energy effective action, . . . ) or applying QCD
techniques (lattice, QCD sum rules) which suffer
from their own technical limitations.
5. B0–B¯0 MIXING
Additional information on the CKM param-
eters can be obtained from flavour–changing
neutral–current transitions, occurring at the 1–
loop level. An important example is provided by
the mixing between the B0 meson and its an-
tiparticle. This process occurs through the so-
called box diagrams, where two W bosons are
exchanged between a pair of quark lines. The
mixing amplitude is proportional to
〈B¯0d |H∆B=2|B0〉 ∼
∑
ij
VidV
∗
ibV
∗
jdVjb S(ri, rj),
q bu, c, t
qb u, c, t
W
Wq b
W qb
u, c, t u, c, tW
Figure 4. B0–B¯0 mixing diagrams.
where S(ri, rj) is a loop function which depends
on the masses [ri ≡ m2i /M2W ] of the up-type
quarks running along the internal fermionic lines.
Owing to the unitarity of the CKM matrix,
the mixing amplitude vanishes for equal (up-type)
quark masses (GIM mechanism [23]); thus the
effect is proportional to the mass splittings be-
tween the u, c and t quarks. Since the different
CKM factors have all a similar size, VudV
∗
ub ∼
VcdV
∗
cb ∼ VtdV ∗tb ∼ Aλ3, the final amplitude is
completely dominated by the top contribution;
i.e. 〈B¯0d|H∆B=2|B0〉 ∼ |Vtd|2S(rt, rt). This tran-
sition can then be used to perform an indirect
determination of |Vtd|.
The main theoretical uncertainty stems from
the hadronic matrix element of the ∆B = 2 four–
quark operator generated by the box diagrams:
〈B¯0 | (b¯LγµdL) (b¯LγµdL) |B0〉 ≡ 2
3
M2B (
√
2 ξB)
2 .
The size of this matrix element is characterized
through the non–perturbative parameter ξB ≡
fB
√
BˆB, which is rather badly known. Lattice
calculations give [24]
√
2ξB = 207 ± 30 MeV,
while QCD sum rules provide a slightly larger
(but consistent) value,
√
2ξB = 260 ± 70 MeV
[25]. Taking the range
√
2ξB = 215 ± 40 MeV,
the measured mixing between the B0d–B¯
0
d mesons,
∆MB0
d
= 0.463± 0.018 ps−1 [18,26], implies:
|Vtd| = 0.0080± 0.0003+0.0018−0.0013 , (16)
where the first error is the experimental one and
the second reflects the theoretical uncertainties.
In terms of the (ρ, η) parameterization, this
gives√
(1 − ρ)2 + η2 =
∣∣∣∣ VtdλVcb
∣∣∣∣ = 0.93+0.22−0.17 . (17)
7A similar analysis can be applied to the B0s–
B¯0s mixing probability. The non–perturbative un-
certainties can be reduced to the level of SU(3)
breaking corrections through the ratio
∆MB0s
∆MB0
d
≈
MB0s ξ
2
B0s
MB0
d
ξ2
B0
d
∣∣∣∣VtsVtd
∣∣∣∣
2
≡ Ω×
∣∣∣∣VtsVtd
∣∣∣∣
2
. (18)
Taking Ω ≈ 1.15 ± 0.15, the present bound
∆MB0s > 10.2 ps
−1 (95%CL) [18,27] implies∣∣∣∣VtsVtd
∣∣∣∣ ≈ 1λ√(1 − ρ)2 + η2 > 3.8 . (19)
6. CP VIOLATION
With only two fermion generations the quark–
mixing mechanism cannot give rise to CP vio-
lation; therefore, for CP violation to occur in a
particular process, all 3 generations are required
to play an active role. In the kaon system, for
instance, CP–violation effects can only appear at
the one–loop level, where the top quark is present.
In addition, all CKM matrix elements must be
non–zero and the quarks of a given charge must
be non–degenerate in mass. If any of these con-
ditions were not satisfied, the CKM phase could
be rotated away by a redefinition of the quark
fields. CP–violation effects are then necessar-
ily proportional to the product of all CKM an-
gles, and should vanish in the limit where any
two (equal–charge) quark masses are taken to be
equal. Thus, violations of the CP symmetry are
necessarily small.
Up to know, the only experimental evidence
of CP–violation phenomena comes from the kaon
system. The ratios,
η+− ≡ A(KL → π
+π−)
A(KS → π+π−) ≈ εK + ε
′
K , (20)
η00 ≡ A(KL → π
0π0)
A(KS → π0π0) ≈ εK − 2ε
′
K , (21)
involve final 2π states which are even under CP.
Therefore, they measure a CP–violating ampli-
tude which can originate either from a small CP–
even admixture in the initial KL state (indirect
CP violation), parameterized by εK , or from di-
rect CP violation in the decay amplitude. This
latter effect, parameterized by ε′K , requires the
interference between the two K → 2π isospin
(I = 0, 2) amplitudes, with different weak and
strong phases.
The parameter εK is well determined [4]:
εK = (2.280± 0.013)× 10−3 eiφ(εK) , (22)
φ(εK) ≈ arctan
(−2∆MK0
∆ΓK0
)
= 43.49◦ ± 0.08◦.
εK has been also measured [4] through the
CP asymmetry between the two KL →
π∓l±
(−)
νl semileptonic decay widths, which im-
plies Re(εK) = (1.63±0.06)×10−3, in good agree-
ment with (22).
The value of ε′K is not so-well established. Two
different experiments have recently reported a
measurement of this quantity:
Re
(
ε′K
εK
)
=
{
(23.0± 6.5)× 10−4 [NA31]
(7.4± 5.9)× 10−4 [E731] .
The NA31 measurement [28] provides evidence
for a non–zero value of ε′K/εK (i.e., direct CP
violation), with a statistical significance of more
than three standard deviations. However, this is
not supported by the E731 result [29], which is
compatible with ε′K/εK = 0, thus with no direct
CP violation. The probability for the two results
being statistically compatible is only 7.6%.
The next generation of ε′K/εK experiments is
already ready at CERN (NA48 [30]) and Fer-
milab (KTEV [31]). Moreover, a dedicated φ
factory (DAΦNE), providing large amounts of
tagged KS , KL and K
± (φ → KK¯), will start
running soon at Frascati [32]. The goal of all
these experiments is to reach sensitivities better
than 10−4.
The CKM mechanism generates CP–violation
effects both in the ∆S = 2 K0–K¯0 transition
(box diagrams) and in the ∆S = 1 decay ampli-
tudes (penguin diagrams). The theoretical anal-
ysis of K0–K¯0 mixing is quite similar to the one
applied to the B system. This time, however,
the charm loop contributions are non–negligible.
The main uncertainty stems from the calculation
of the hadronic matrix element of the four–quark
∆S = 2 operator, which is usually parameter-
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Figure 5. Unitarity Triangle constraints [22].
ized through the non–perturbative parameter [25]
BˆK ≈ 0.4–0.8.
The experimental value of εK specifies a hy-
perbola in the (ρ, η) plane. This is shown in
Fig. 5, together with the constraints obtained
from |Vub/Vcb| and B0d–B¯0d mixing. This figure,
taken from Ref. [22], assumes BˆK = 0.75 ± 0.15
and
√
2ξB = 200±40 MeV. Also shown in the fig-
ure is the impact of the experimental bound on
∆MB0s .
The theoretical estimate of ε′K/εK is much
more involved, because ten four–quark operators
need to be considered in the analysis and the
presence of cancellations between different con-
tributions tends to amplify the sensitivity to the
not very well controlled long–distance effects. For
large values of the top mass, the Z0–penguin con-
tributions strongly suppress the expected value of
ε′K/εK , making the final result very sensitive to
mt. The present theoretical estimates [22] range
from −1.2× 10−4 to 1.6× 10−3. More theoretical
work is needed in order to get firm predictions.
6.1. The Unitarity Triangle
The SM mechanism of CP violation is based
in the unitarity of the CKM matrix. Up to now,
the only unitarity relation which has been pre-
cisely tested is the one associated with the first
row; however, only the moduli of the CKM pa-
rameters appear in Eq. (11), while CP violation
has to do with their phases. The most interesting
off–diagonal unitarity condition is
V
∗
ubVud + V
∗
cbVcd + V
∗
tbVtd = 0 , (23)
which involves three terms of similar size. This re-
lation can be visualized by a triangle in the com-
plex plane, which is usually scaled by dividing its
sides by V ∗cbVcd. This aligns one side of the trian-
gle along the real axis and makes its length equal
to 1; the coordinates of the 3 vertices are then
(0, 0), (1, 0) and (ρ, η). In the absence of CP vi-
olation, this unitarity triangle would degenerate
into a segment along the real axis.
Although the orientation of the triangle in the
complex plane is phase–convention dependent,
the triangle itself is a physical object: the length
of the sides and the angles (α, β, γ) can be di-
rectly measured. In fact, we have already deter-
mined its sides from Γ(b→ u)/Γ(b→ c) and B0d–
B¯0d mixing, and the position of the (ρ, η) vertex
has been further pinned down with the additional
information provided by εK .
7. FUTURE PROSPECTS
7.1. Bottom Decays
The flavour–specific decays B0 → Xl+νl and
B¯0 → Xl−ν¯l provide the most direct way to mea-
sure the amount of CP violation in the B0–B¯0
mixing matrix, through the asymmetry between
the number of l+l+ and l−l− pairs produced in
the processes e+e− → B0B¯0 → l±l±X . This
∆B = 2 asymmetry is expected to be quite tiny
in the SM, because |∆ΓB0/∆MB0 | ∼ m2b/m2t <<
1 ; moreover, there is an additional GIM suppres-
sion ∼ (m2c − m2u)/m2b . The observation of an
asymmetry at the percent level, would be a clear
indication of new physics beyond the SM.
Direct CP violation could be established by
measuring a non-zero rate asymmetry in B± de-
cays. Unfortunately, the necessary presence of a
strong–phase difference makes difficult to obtain
clean information on the CKM matrix from this
kind of observables.
The large B0–B¯0 mixing provides a different
way to generate the required CP–violating inter-
ference. There are quite a few non–leptonic final
states which are reachable both from a B0 and a
9B¯0. For these flavour non–specific decays the B0
(or B¯0) can decay directly to the given final state
f , or do it after the meson has been changed to
its antiparticle via the mixing process; i.e., there
are two different amplitudes, A(B0 → f) and
A(B0 → B¯0 → f), corresponding to two possible
decay paths. CP–violating effects can then result
from the interference of these two contributions.
B0 decays into CP self–conjugate final states
are particularly promising. In that case, assum-
ing that only one weak amplitude contributes
to the B0 → f transition, all dependence on
strong interaction effects disappears from the
CP–violating rate asymmetries. Therefore, they
could provide a direct and clean measurement of
the CKM parameters. The angles of the unitar-
ity triangle could be directly determined through
the decay modes B0d → J/ψKS (β), B0d → π+π−
(β + γ = π − α) and B0s → ρ0KS (γ).
The crucial assumption is that only one weak
amplitude contributes to a given decay, which
obviously is not the case; the (usually) domi-
nant W–exchange decay amplitude gets corrected
by diagrams with different CKM structure, such
as the so-called penguins. The gold–plated ex-
ception is B0d → J/ψKS, since all decay am-
plitudes share the same dependence on CKM
factors to an excellent approximation; thus, it
will provide a very clean measurement of β ≡
− arg(VcdV ∗cb/VtdV ∗tb).
In the case of B0d → π+π−, penguin dia-
grams generate indeed a different CKM depen-
dence, but they are numerically suppressed al-
lowing for an approximate determination of α ≡
− arg(VtdV ∗tb/VudV ∗ub). The measurement of γ
with B0s → ρ0KS is however not feasible; the di-
rect decay amplitude is colour suppressed, leading
presumably to a large (maybe dominant) penguin
contamination.
Many additional tests of the CKM matrix with
B decays have been proposed. The rich variety of
available decay modes provides ways to circum-
vent the strong interaction complications through
relations (isospin, SU(3), D0–D¯0 mixing) among
different processes or measuring the time evolu-
tion. A detailed summary of recent work can be
found in Ref. [22].
7.2. Rare K Decays
The decay K+ → π+νν¯ is a well–known ex-
ample of an allowed process where long–distance
effects play a negligible role. Thus, this mode pro-
vides a good test of the CKM structure. The de-
cay process is dominated by short–distance loops
(Z penguin, W box) involving the heavy top
quark, but receives also sizeable contributions
from internal charm–quark exchanges. The re-
sulting decay amplitude is proportional to the
hadronic matrix element of the ∆S = 1 vector
current, which (assuming isospin symmetry) can
be obtained from Kl3 decays.
The branching ratio is predicted to be in the
range [22] Br∼ (9.1±3.2)×10−11, to be compared
with the recently reported signal (1 event) [33]:
Br(K+ → π+νν¯) = (4.2+9.7−3.5)× 10−10 . (24)
The CP–violating decay KL → π0νν¯ has been
suggested [34] as a good candidate to look for
pure direct CP–violating transitions. The contri-
bution coming from indirect CP violation viaK0–
K¯0 mixing is very small [34]: Br|ε ∼ 5 × 10−15.
The decay proceeds almost entirely through di-
rect CP violation (via interference with mixing),
and is completely dominated by short–distance
loop diagrams with top–quark exchanges [22]:
Br(KL → π0νν¯) ≈ 8.07× 10−11A4 η2 r1.15t . (25)
The present experimental upper bound [35],
Br(KL → π0νν¯) < 5.8 × 10−5 (90% CL), is still
far away from the expected range [22]
Br(KL → π0νν¯) = (2.8± 1.7)× 10−11 . (26)
Nevertheless, the experimental prospects to reach
the required sensitivity in the near future look
rather promising [36]. The clean observation of
just a single unambiguous event would indicate
the existence of CP–violating ∆S = 1 transitions.
Another promising mode is KL → π0e+e−.
Owing to the electromagnetic suppression of the
2γ CP–conserving contribution, this decay seems
to be dominated by the CP–violating one–photon
emission amplitude. Moreover, the direct CP–
violating contribution is expected to be larger
than the indirect one [37].
A recent overview of many other interesting
rare K decays can be found in Ref. [37].
10
8. SUMMARY
The flavour structure of the SM is one of the
main pending questions in our understanding of
weak interactions. Although we do not know the
reason of the observed family replication, we have
learnt experimentally that the number of SM gen-
erations is just three (and no more). Therefore,
we must study as precisely as possible the few ex-
isting flavours, to get some hints on the dynamics
responsible for their observed structure.
The SM incorporates a mechanism to gener-
ate CP violation, through the single phase natu-
rally occurring in the CKM matrix. This mech-
anism, deeply rooted into the unitarity structure
of V , implies very specific requirements for CP
violation to show up, which should be tested in
appropriate experiments. The tiny CP asymme-
try observed in the K system, can be parame-
terized through the CKM phase; however, we do
not have yet an experimental verification of the
CKM mechanism. A fundamental explanation of
the origin of this phenomena is also lacking.
New and powerful flavour factories will become
operational very soon. Many interesting CP–
violation signals are expected to be seen in the
near future. Large surprises may well be discov-
ered, probably giving the first hints of new physics
and offering clues to the problems of fermion–
mass generation, quark mixing and family repli-
cation.
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